THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 16, pp. 11074-11079, April 19,2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

miR-155 Regulates Inmune Modulatory Properties of
Mesenchymal Stem Cells by Targeting TAK1-binding

Protein 2*®

Received for publication, August 30, 2012, and in revised form, February 28,2013 Published, JBC Papers in Press, February 28, 2013, DOI 10.1074/jbcM112.414862

Chunliang Xu*, Guangwen Ren*®, Gang Cao*, Qing Chen*, Peishun Shou*, Chunxing Zheng®, Liming Du?,
Xiaoyan Han*, Menghui Jiang®, Qian Yang®, Liangyu Lin*, Guan Wang®, Pengfei Yu®, Xin Zhang*, Wei Cao*,

Gary Brewer™"', Ying Wang*?, and Yufang Shi**’

From the *Key Laboratory of Stem Cell Biology, Institute of Health Sciences, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences/Shanghai Jiao Tong University School of Medicine, 225 South Chongqging Road, Shanghai 200025, China, the
SChild Health Institute of New Jersey and Department of Pharmacology, Robert Wood Johnson Medical School-University of
Medicine and Dentistry of New Jersey, New Brunswick, New Jersey 08901, and the "Department of Biochemistry and Molecular
Biology, Robert Wood Johnson Medical School-University of Medicine and Dentistry of New Jersey, Piscataway, New Jersey 08854

are unknown.

expression.

\_

(Bacl(ground: The molecular mechanisms underlining the immune regulatory property of mesenchymal stem cells (MSCs)
Results: Inflammatory cytokine-induced miR-155 reverses the immunosuppressive capacity of MSCs through inhibiting iNOS

Conclusion: The immune regulation-mediated by MSCs is tightly regulated by miR-155.
Significance: This study revealed a novel role of miR-155 in regulating the immune modulatory activities of MSCs.
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MSCs possess potent immunosuppressive capacity. We have
reported that mouse MSCs inhibit T cell proliferation and func-
tion via nitric oxide. This immune regulatory capacity of MSCs
is induced by the inflammatory cytokines IFN+y together with
either TNFa or IL-1. This effect of inflammatory cytokines on
MSCs is extraordinary; logarithmic increases in the expression
of iNOS and chemokines are often observed. To investigate the
molecular mechanisms underlying this robust effect of cyto-
kines, we examined the expression of microRNAs in MSCs
before and after cytokine treatment. We found that miR-155
is most significantly up-regulated. Furthermore, our results
showed that miR-155 inhibits the immunosuppressive capacity
of MSCs by reducing iNOS expression. We further demon-
strated that miR-155 targets TAK1-binding protein 2 (TAB2) to
regulate iNOS expression. Additionally, knockdown of TAB2
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reduced iNOS expression. In summary, our study demonstrated
that miR-155 inhibits the immunosuppressive capacity of MSCs
by reducing iNOS expression by targeting TAB2. Our data
revealed a novel role of miR-155 in regulating the immune mod-
ulatory activities of MSCs.

Mesenchymal stem cells (MSCs)* exist in almost all tissues
and have been isolated from bone marrow, adipose tissue,
umbilical cord, and amniotic fluid and successfully expanded in
vitro (1,2). MSCs possess specific cell surface markers (variably
express CD105, CD73, CD90, CD146, and nestin and lack
CD45,CD34, CD14 or CD11b, CD79a or CD19, and MHC class
II molecules), and differentiate into adipocytes, osteoblasts, and
chondrocytes (3).

Since their initial isolation, MSCs have been investigated for
their multipotent differentiation potential for regenerative
medicine (4). Interestingly, recent studies have found that
MSCs have potent immunosuppressive capacity and possess
therapeutic potential for various inflammation-related diseases
(5-7). These cells can effectively block T cell and B cell prolif-
eration, NK cell cytotoxicity, and dendritic cell maturation. The
mechanism of MSC-mediated immunosuppression is under
intensive investigations, and various molecules including IDO,
iNOS, PGE2, TGEp, and PD-L1 have been shown to be respon-
sible (8). Our previous studies have shown that mouse MSCs
can potently inhibit T cell proliferation and function in an
iNOS-dependent manner. Further studies revealed that the
immunosuppressive property of MSCs is not innate but rather
induced by inflammatory cytokines produced by inflammatory

“The abbreviations used are: MSC, bone marrow-derived mesenchymal
stem cell; TAB2, TAK1-binding protein 2; iNOS, inducible NOS; miRNA,
microRNA.
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cells. In response to inflammatory cytokines, MSCs produce
NO and chemokines, which act in concert to inhibit T cell pro-
liferation and function (6, 9, 10).

Recent studies have shown that miRNAs are critical in the
regulation of immune responses (11). These non-coding short
RNAs regulate gene expression in a post-transcriptional man-
ner by degradation of the target mRNA and/or inhibition of
mRNA translation (12). miR-155 is encoded in bic, a non-cod-
ing transcript, and was found to play critical roles in cancer,
immune response and hematopoiesis (12). miR-155 is induced
via TLR in macrophages and dentritic cells and exerts profound
effects on the activities of these cells (13—15). Most studies on
miRNAs in MSCs have focused on their roles in differentiation,
but whether miRNAs can regulate immunosuppressive capac-
ity of MSCs is unknown (16).

In the present study, we found that, similar to iNOS, miR-155
is induced by inflammatory cytokines. Surprisingly, this
miRNA reduces the immunosuppressive capacity of inflamma-
tory cytokine-activated MSCs. Because NO is essential for the
immunosuppressive capacity of MSCs, we examined whether
miR-155 affects iNOS. Our results showed that miR-155 inhib-
ited iNOS expression in cytokine-activated MSCs. This effect of
miR-155 was not exerted directly on iNOS, but rather by tar-
geting TAB2, a signaling protein connecting inflammatory
cytokines and the NF-kB pathway (17). Therefore, our study
revealed a novel role for miR-155 in regulating the immunosup-
pressive capacity of MSCs.

EXPERIMENTAL PROCEDURES

Cells—MSCs were generated from bone marrow of tibia and
femur of 6-10-week-old mice. The cells were cultured in
DMEM supplemented with 10% FBS, 2 mm glutamine, 100
units/ml penicillin, and 100 mg/ml streptomycin (Invitrogen).
Non-adherent cells were removed after 24 h, and medium was
replenished every 3 days.

Plasmids—The TAB2 3'-UTR was amplified with primers:
acgctcgaggtgagataaaaggaaagetg and acggeggecgectatgggatacce-
acacag and was inserted between the Xhol and Notl of psi-
Check? to obtain plasmid psiCheck2-tab2—3’-UTR. The miR-
155 target site in the TAB2 3'-UTR, UAAU, was mutated to
AUUA with primers gcaatgccataaggtagaaagctaatatgaaatgaaac-
tgtgcac and gtgcacagtttcatttcatattagetttctaccttatggeattge to
obtain plasmid psiCheck2-tab2—3'-UTR-mut. NF-«B reporter
plasmid was purchased from Beyotime (Haimen, China).

Reagents—IFNvy, TNFq, IL-1a, IL-1f3, anti-CD3, anti-CD28
were purchased from R&D Systems (Minneapolis, MN), Griess
reagent and LPS were from Sigma-Aldrich, miR-155 mimics
and inhibitor were from Genepharma (Shanghai, China), TAB2
siRNA was from Thermo Scientific (Lafayette, Colorado), Lipo-
fectamine 2000 was from Invitrogen, Dual-Luciferase assay kit
was from Promega (Madison, W1I), and Pan T cell isolation kit IT
was from Miltenyi (Miltenyi Biotec).

Real-time PCR—Total RNA was extracted with TRIzol
(Invitrogen) and reverse-transcribed into cDNA with the Taq-
man reverse transcription kit from ABI (Carlsbad, CA). cDNA
was used as template in real-time PCR with SYBR Green rea-
gent from Takara (Dalian, China) to determine specific gene
expression. Primer sequences were as follows: GAPDH,
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cacattgggggtaggaacac (forward primer) and acccagaagactgtgg-
atgg (reverse primer); TAB2, atttctggtctacgcaatcacat (forward
primer) and gctgtgtgttaaagtcctgcette (reverse primer); iNOS, cag-
ctgggctgtacaaacctt (forward primer) and cattggaagtgaagcgtttcg
(reverse primer); endothelial NOS, caacgctaccacgaggacatt
(forward primer) and ctcctgcaaagaaaagctctgg (reverse primer);
and neuronal NOS gggaaactctcggaggagga (forward primer) and
tgagggtgaccccaaagatg (reverse primer). To determine specific
miRNA expression, the Tagman miRNA reverse transcription
kit and Tagman miRNA assay kit from ABI were used following
the product instructions.

Griess Test—50 pl of culture supernatant and standards were
transferred to a flat bottomed 96-well plate, and then 50 ul of
Griess reagent was added. After incubation for 5 min in the dark
at room temperature, the plate was read at 540 nm, and nitrate
concentrations were calculated.

Transfection—MSCs were seeded the day before transfection
in antibiotic-free medium. The next day, siRNA, miRNA mim-
ics, or inhibitors were transfected with Lipofectamine 2000. For
siRNA transfectants, cells were treated 48 h after transfection.
For miRNA mimics and inhibitors, cells were treated 24 h after
transfection.

Luciferase Reporter Assay—293T cells were seeded in a
24-well plate the day before transfection in antibiotic-free
medium. Different amounts of miR-155 mimics were trans-
fected with 100 ng of psiCheck2-tab2—-3'-UTR or psiCheck2-
tab2—3’'-UTR-mut. 24 h later, cells were collected and meas-
ured with the Dual-Luciferase assay kit from Promega. For the
NE-kB reporter assay, 100 nMm TAB2 siRNA or control siRNA
were transfected into MSCs together with NF-«B reporter plas-
mid. Twelve h later, MSCs were treated with [FNy and TNF«
for various times. Luciferase activity was determined as men-
tioned above.

Proliferation Assay—MSCs were plated in 96-well plates at
different number per well. The next day, supernatant was dis-
carded and 4 X 10° splenocytes were added per well with 1
pg/ml anti-CD3 and 1 pg/ml anti-CD28. After 48 h, 1 wCi of
[*H]methylthymidine was added per well. After another 6 h of
incubation, cells were frozen and measured after being thawed.

Flow Cytometry—MSCs were transfected with Cy3-labeled
control miRNA mimics. Twelve h later, the cells were harvested
upon trypsinization and analyzed for Cy3 by flow cytometry
using a FACS Calibur.

Statistical Analysis—Statistical significance was assessed by
unpaired two-tailed Student’s ¢ test (*, p < 0.05; **, p < 0.01; ***,
p < 0.001).

RESULTS

Inflammatory Cytokines Induce miR-155 in Mesenchymal
Stem Cells—The immunosuppressive property of MSCs is not
innate but is induced by the inflammatory cytokines IFNy
together with TFNa« or IL-1B. This response of MSCs is
extremely dramatic, with the induction of many genes at many
thousand folds. To investigate the underlining molecular
mechanism, we systemically analyzed miRNA expression in
MSCs before and after IFNy and TNFa treatment with
microarrays. miRNAs with significant changes are listed in
Table 1, and the three most significantly induced miRNAs were
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TABLE 1

Differential miRNA expression in MSCs after inflammatory cytokine
treatment

MSCs were treated with 10 ng/mITFN-yand 10 ng/ml TNFa for 24 h. Total RNA was
extracted with TRIzol. miRNA expression was analyzed by uParaflo® MicroRNA
microarray assay (LC Sciences). (miRNAs shown are those with >2-fold change.)

miRNA Activated MSC/resting MSC (log,)
Mus musculus miR-155 6.45
M. musculus miR-27a —1.93
M. musculus miR-148a —-1.73
M. musculus miR-720 1.61
M. musculus miR-1937a 1.47
M. musculus miR-762 —1.38
M. musculus miR-27b —1.04

further analyzed with real-time PCR (Fig. 1, A-C). miR-155
exhibited the most significant increase in both microarray and
real time PCR results. We therefore focused on miR-155 for
further studies. Interestingly, similar to iNOS, miR-155 can also
be induced by IFNy in combination with TNFe«, IL-13, or LPS
(Fig. 1D).

miR-155 Negatively Regulates the Immunosuppressive
Capacity of MSCs—Because the immunosuppression of MSCs
induced by IFNvy and TNFa was accompanied by miR-155
induction, we hypothesized that miR-155 is involved in regu-
lating the immunosuppressive capacity of MSCs. We used T
cell antigen receptor-activated T cells proliferation as a model
of immune response and measured [*H]methylthymidine
incorporation to determine T cell proliferation. This method
can accurately reflect T cells proliferation as shown in supple-
mental Fig. 1, and MSCs directly inhibited T cell proliferation
as shown in supplemental Fig. 2. To test this hypothesis, miR-
155 mimics or inhibitor was transfected into MSCs, and the
transfected cells were tested for their ability to suppress T cell
antigen receptor-activated splenocytes proliferation. miR-155
mimics unexpectedly inhibited MSC-mediated immunosup-
pression (Fig. 2A4). By contrast, miR-155 inhibitor enhanced the
immunosuppressive capacity of MSCs (Fig. 2B). These results
showed that miR-155 negatively regulates MSC-mediated
immunosuppression.

miR-155 Negatively Regulates iNOS Expression in Inflammatory
Cytokine-stimulated MSCs—Our previous studies demon-
strated that iNOS is essential for MSC-induced immuno-
suppression (6), and the same result was also shown in supple-
mental Fig. 4C. To examine whether the effect of miR-155 on
immunosuppression of MSCs is exerted through regulating
iNOS expression, we transfected MSCs with miR-155 mimics
and inhibitors and treated the transfected cells with IFNvy and
TNFa. The transfection efficiency was >90% as shown in sup-
plemental Fig. 3. As mouse MSCs express only iNOS, but not
neuronal NOS or endothelial NOS, supernatant nitrate was a
measure of iNOS expression level (supplemental Fig. 4, A and
B). The supernatant nitrate concentration, iNOS mRNA and
iNOS protein expression was examined by Griess reagents,
real-time PCR, and Western blotting analysis. Supernatant
nitrate,INOS mRNA, and protein were all reduced dramatically
by miR-155 mimics transfection (Fig. 3, A-C) and enhanced by
miR-155 inhibitor transfection (Fig. 3, D—F). Therefore, miR-
155 inhibits the immunosuppressive capacity of MSCs by
reducing iNOS expression and thereby NO release.
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FIGURE 1. Inflammatory cytokines induce miR-155 expression. MSCs were
treated with 10 ng/ml IFNyand 10 ng/ml TNFa for 1 h,6 h, 12 hand 24 h, and
cells were collected in TRIzol. miR-155 (A), miR-27a (B), and miR-148a (C)
expression were determined with the Tagman quantitative PCR kit. D, miR-
155 expression after treatment with different inflammatory cytokines for
24 h. miR-155 levels were determined as described in A.
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FIGURE 2. miR-155 negatively regulates the immunosuppression of
MSCs. MSCs were transfected with 80 nm negative control (NC) or miR-155
mimics (A) or inhibitor (B). After 24 h, transfected cells were harvested upon
trypsinization and seeded into 96-well plates at different cell numbers per
well. After 24 h, supernatant was discarded, and 4 X 10° splenocytes were
added perwell with T ug/mlanti-CD3 and 1 ug/mlanti-CD28. After48 h, 1 uCi
of [*Hlmethylthymidine was added to each well. After another 6 h, cells were
frozen, thawed, and harvested. The radioactivity of incorporated [*Hlthymi-
dine was measured by scintillation.

miR-155 Regulates iNOS by Targeting TAB2—miRNAs func-
tion by decreasing the expression level of targeting genes. A
search for potential targets of miR-155 in MSCs with Target
Scan (18), combined with a literature search (14, 19), revealed
that TAB2 is a potential target of miR-155. TAB2 is a well char-
acterized signaling protein in the NF-«B pathway. To verify
whether TAB2 is indeed a target of miR-155 in MSCs, TAB2
expression was examined in cells transfected with miR-155
mimics or inhibitor. TAB2 mRNA and protein expression level
were reduced by miR-155 mimics (Fig. 44 and B). However,
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FIGURE 3. miR-155 negatively regulates iNOS expression in MSCs. MSCs were transfected with 80 nm negative control (NC) or miR-155 mimics (A-C) or
inhibitors (D-F). After 24 h, medium was discarded, and fresh medium either lacking (control) or containing 10 ng/ml IFNyand 10 ng/ml TNFa was added. The
level of nitrate in the supernatant (B and E), iINOS mRNA (A and D), and protein were determined 24 h later by Griess test, real-time PCR, and Western blotting

analysis, respectively.
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FIGURE 4. TAB2 is a miR-155 target in MSCs. MSCs were transfected with 80 nm negative control (NC) or miR-155 mimics (A and B) or inhibitors (Cand D). After
24 h, medium was discarded, and fresh medium containing 10 ng/mlIFNyand 10 ng/mI TNFa was added. TAB2 mRNA and protein levels were determined 24 h
later by real-time PCR and Western blotting analysis, respectively. E, psiCheck2-TAB2-3'-UTR or miR-155 target sequence mutant plasmid, psiCheck2-TAB2-
3'-UTR-mut, was transfected with internal control plasmid pRL-TK and either 0 or 50 nm miR-155 mimics into 293T cells. Cells were collected and measured 24 h

later with the Dual-Luciferase assay kit.

miR-155 inhibitor transfection increased TAB2 expression at
both mRNA and protein levels (Fig. 4, C and D). Therefore,
miR-155 negatively regulates TAB2 expression in MSCs. To test
whether miR-155 directly targets TAB2,a TAB2 3'-UTR reporter
plasmid was constructed and transfected together with miR-155

APRIL19,2013-VOLUME 288-NUMBER 16 YASEMIB\_

mimics into 293T cells (Fig. 4E). miR-155 reduced the reporter
expression in the wild-type plasmid transfected cells but not in
cells transfected with the mutant reporter plasmid. These results
strongly suggested that miR-155 decreases TAB2 expression in
MSC:s by directly targeting TAB2 mRNA.
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FIGURE 5. TAB2 knockdown reduces iNOS expression in MSCs. A, MSCs
were transfected with 200 nm negative control (NC) or TAB2 siRNAs. After 48 h,
TAB2 mRNA levels were determined by real-time PCR. These cells were
treated with 10 ng/mlIFN-yand 10 ng/mI TNFa for 24 h,and iNOS mRNA levels
(B) and supernatant nitrate (C) were determined by real-time PCR and Griess
test, respectively.

TAB2 Knockdown Reduces iNOS Expression in MSCs—We
then tested whether TAB2 can regulate iNOS expression in
MSCs. TAB2 siRNA or control siRNA was transfected into
MSCs and TAB2 mRNA level was determined by real-time
PCR. TAB2 mRNA was reduced ~85% by siRNA against TAB2
compared with control siRNA (Fig. 54). When the transfected
cells were treated with IFN+y and TNFe, supernatant nitrate
and iINOS mRNA levels were both significantly reduced in
TAB2 siRNA-transfected cells (Fig. 5, Band C). To test whether
the effect of TBA2 was exerted through NF-«B, we transfected
MSCs with NF-«B reporter plasmid with TAB2 siRNA or con-
trol siRNA. As shown in supplemental Fig. 5, when TAB2 was
knocked down, NF-kB activity was significantly decreased.
Thus, we concluded that miR-155 decreases iNOS expression
by targeting TAB2.

DISCUSSION

Mesenchymal stem cells have potent immunosuppressive
effects on T cells, B cells, dentritic cells, and other inflammatory
cells (8), but the detailed mechanisms are still not completely
understood. Based on their immunosuppressive properties,
MSCs have been used to treat various inflammatory diseases,
resulting in promising results in some animal disease models.
However, a better understanding of the mechanisms of immu-
nosuppression is urgently needed to guide future clinical use
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(21, 22). Recent studies have found that miR-155 plays an
important role in malignancies and immune responses (12). For
example, macrophages and dentritic cells express miR-155
after TLR activation, which affects subsequent signaling by tar-
geting TAB2 and SHIP1 (13-15). Several miRNAs, including
miR-138, miR-335, miR-21, and miR-204 regulate differentia-
tion of MSCs (16, 23-25). However, whether miRNAs play a
role in the immunosuppression of MSCs is still unknown.

Our previous studies found that the immunosuppressive
effect of MSCs was induced by inflammatory cytokines and the
key effector molecule was iNOS in mouse MSCs (6, 20). Here,
we found that miR-155 undergoes the most significant change
after inflammatory cytokines treatment and negatively regu-
lates the immunosuppressive capacity of MSCs by inhibiting
iNOS expression. This effect of miR-155 was not exerted
directly on iNOS, but rather by targeting TAB2, a signaling
molecule connecting inflammatory cytokines and the NF-«B
pathway. To our knowledge, this is the first time that miR-155 is
shown to regulate the immunosuppressive capacity of MSCs. In
inflammatory conditions, mouse MSCs express high levels of
iNOS, which inhibits immune cell proliferation and function.
However, excessive NO production also induces cell death of
MSCs (unpublished observation). Interestingly, MSCs express
miR-155 in inflammatory conditions and miR-155 negatively
regulates iNOS expression. Through this mechanism, miR-155
may play a protective role for MSCs in inflammatory situations.

We and others have shown that MSCs have therapeutic
effect in many inflammation related diseases. Here, we show
that miR-155 can regulate the immunosuppressive capacity of
MSCs. Further studies will test whether manipulating miR-155
levels can provide better therapeutic effects to treat immune
disorders in preclinical and clinical settings. It is also important
to decipher the role of miR-155 in endogenous MSCs in vivo.
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